

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY CT) 

III 



(19) World Intellectual Properly 
Orgaiiization 
International Bureau 




(43) International Publication Date 
22 July 2004 (22.07.2004) 



(10) International Publication Number 

PCX wo 2004/060611 Al 



(51) International Patent Classificatioii^: B24B 49/10, 

49/16 

(21) International Application Number: 

PCT/GB2003/005590 

(22) International Filing Date: 

22 December 2003 (22.12.2003) 



(25) Filing Language: 

(26) Publication Language: 



English 
English 



(30) Priority Data: 
0300004.9 
0305496.2 



2 January 2003 (02.01.2003) GB 
1 1 March 2003 (1 1 .03 .2003) GB 



(71) Applicant (for ail designated States except US): UNOVA 
U.K. LIMITED [GB/GB]; 26 Temple Street, Aylesbury, 
Buckinghamshire HP20 2RQ (GB). 



(72) Inventor; and 

(75) Inventor/Applicant (for US only): MAVRO- 
MICHAELIS, Daniel, Andrew [GB/GB]; 8 Wigeon 
Approach, Motley, Leeds, West Yorkshire LS27 8GN 
(GB). 

(74) Agent: KEITH W NASH & CO; 90-92 Regent Street, 
Cambridge CB2 IDP (GB). 

(81) Designated States (national): AE, AG, AL, AM, AT, AU, 
AZ, BA, BB, BG, BR, BY, BZ, CA, CM, CN, CO, CR, CU, 
CZ, DE, DK, DM, DZ, EC, EE, ES, H, GB, GD, GB, GH, 
GM, HR, HU, ID, IL. IN, IS. JP. KE, KG, KP, KR, KZ, LC, 
LK, LR, LS, LT, LU, LV, MA, MD, MG, MK, MN, MW, 
MX, MZ, NO, NZ, CM, PH, PL, PT, RO, RU, SD, SE, SG, 
SK, SL, TJ, TM, TN, TR, TT, TZ, UA. UG, US, UZ, VN, 
YU, ZA, ZM, ZW. 

(84) Designated States (regional): ARIPO patent (BW, GH, 
GM, KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZM, ZW), 
Eurasian patent (AM, AZ. BY, KG, KZ, MD, RU, TJ, TM), 

[ Continued on next page] 



(54) Title: GRINDING WHEEL MONITORING 




o 



Power Supply 



Computer 



.24 



(57) Abstract: A method of monitoring the wear of a grinding 
wheel (10) comprises the steps of measuring the force exerted 
between the wheel and a workpiece (26), measured normal 
to the grinding face of the wheel at the point of contact be- 
tween the wheel and workpiece, and generating a waming sig- 
nal when the measured force exceeds a predetermined thresh- 
old value. A signal indicative of the normal grinding force is 
obtained by measuring the force exerted by a wheelfeed drive 
(18) which in use urges the wheel into grinding engagement 
with the workpiece. Where the wheelfeed drive includes an 
electrically powered motor, the torque developed by the motor 
will be proportional to the normal force between the wheel and 
workpiece. This in turn is proportional to the electrical power 
drawn by the motor during operation, so an indication of the 
force between wheel and workpiece is obtained by measuring 
the power demand made by the motor on its power supply. The 
value of the force proportional signal obtained while grinding 
a woricpiece is compared with a coiresponding value obtained 
during the grinding of a preceding similar workpiece, and a 
waming signal is generated if a current grinding force signal 
value differs from a preceding grinding force signal value by 
more than a predetermined amount Mean force values may be 
computed during each of a succession of workpiece grinds on 
similar components and the value for a current woriqriece can 
be compared with the mean value for a plurality of preceding 
worlq>iece grinds. Alternatively the peak value of the normal 
grinding force signal value during a current grind may be com- 
pared with a predetermined value to generate a waming signal. 
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Title: rrpndinp Wbp-ftl Monitoring 
piyt^^ nf invention 

This invention concern methods and apparatus for monitoring the failure of grinding 
wheels especially Electroplated CBN grinding wheels. 

Ttprk prom^ H to tTift iTivention 

It is possible to replace the grinding material on the hub of a grinding wheel, particularly 
to re-electroplate a CBN wheel around the hub and the cost of such a refurbishment of an 
existing hub is far less than the cost of replacing the wheel in its entirety. However if all 
of the grinding material is stripped away from any part of the hub during the grinding 
process, the hub cannot normally be refurbished in this way. and in particular cannot be 
replated with CBN material. In this event, the wheel has to be scrapped. It should 
therefore be of financial benefit to an end user of grinding wheels, particularly 
Electroplated CBN wheels, to be able to predict the point in time just prior to when the 
grinding material is liable to be stripped firom the hub and to allow the machine to be 
stopped before the wheel is irreparably damaged. 

Previously it has been thought that the most suitable method for monitoring a grinding 
wheel was via the increased in grind power which arises as the wheel wears. Past tests 
have shown that the increase in grind power over the life of the wheel to be about 50% but 
most of this increase is found to occur during the machining of the last half to 1% of the 
normal life e^ectancy of the "wheel. Thus if the normallife bf a wheel is expressed in 
terms of the number of similar workpieces which can be ground by the wheel before it is 
worn down to the hub, and the normal life is say 4,000 workpieces; then the 50% increase 
in grind power is only found to occur during the last 20 or 30 workpieces. 
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This pattern is typical for a grinding wheel perfonning cylindrical grinding in which the 
grinding face of the wheel is plain, i.e. the grinding process is substantially uniform over 
the width of &e wheel. 

For many grinding processes, the face of the wheel is not plain, but is required to include 
at least one and sometimes two or three peripheral ridges which it is found tend to wear 
away more quickly than the remaining surface of the wheel. This is particularly common 
when grinding sidewalls with undercuts. Each of the rims of the grinding wheel have to 
remove considerably more metal than the central region of the wheel and the power 
mcrease pattern for such a wheel when performmg this type of grinding is rather different 
and there is only a minimal increase in power before the grinding material is completely 
stripped from the wheel due to the wheel wear occurring disproportionally over the width 
of the wheel. 

It is an object of the present invention to provide an alternative method of monitoring a 
grinding wheel's performance which provide a reliable warning of when the grinding 
material, particularly Electroplate CBN material, is found to wear away, even when the 
wear is excessive and uneven over the width of the wheel. 

■Siimmarv of the invention 

According to the present invention there is provided a method of monitoring the wear of a 
grinding wheel comprises the steps of measuring the force exerted between tiie wheel and 
the workpiece, measured normal to the grinding fece of the wheel at the point of contact 
between the wheel and workpiece. and generating a warning signal when the measured 
force exceeds a predetermined threshold value. 

A signal indicative of the normal grmding force may be obtained by measuring the force 
exerted by a wheelfeed drive which m use urges the wheel into grinding engagement with 
the workpiece. 
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Where the linear wheelfeed drive includes an electrically powered motor, the torque 
developed by which is proportional to the normal force between the wheel and workpiece, 
this will in turn be proportional to the electrical power drawn by the motor during 
operation, so that aa indication of the force between the wheel and workpiece can be 
obtained by measuring the power demand made by the motor on its power supply. 

Where the motor is supplied with electric current from a power supply which maintains a 
substantially constant EMF, the power demand (and therefore the normal force between 
wheel and workpiece) will be proportional to the current drawn by the motor from its 
power supply. In this event a force proportional signal can be obtained by measuring the 
current flow to the motor during grinding. 

In use the value of the force proportional signal obtained during a grinding process on a 
workpiece can be compared with a corresponding value obtained during the grinding 
process performed on a preceding similar workpiece, and a warning signal is generated if a 
current grinding force signal value differs from a precedmg grinding force signal value by 
more than a predetermined amount. 

Typically a mean value is computed for the force values measured during each of a 
succession of workpiece grinds on similar components and the value from the grinding of a 
current workpiece is compared with the mean value computed from a pluraUty of 
preceding workpiece grinds on similar components, and the warning signal is generated if 
the current force value differs from the mean force value by more than a predetermined 
amount. 

In on arrangement a timing device is reset at one pomt during each grinding process, and 
the force measurement is performed for a period of time determined by ttie timing device 
following die reset point, and the values of these force measurement signals (or a mean of 
these force measurement signal values) is/are compared with force measurement signal 
values from at least a preceding workpiece grind on a similar component, (or a mean of 
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the force measurement value signals from a plurality of preceding worlqpiece grinds on 
similar components). 

Preferably the period of time is selected to correspond to the time during which a part of 
the grinding wheel which is liable to be subjected to the greatest wear during the grinding, 
is in grinding engagement with the workpiece. 

Where the grinding wheel includes a cylindrical surface and an annular ridge for grinding 
an undercut in a worlq)iece, it will normally be the ridge which is the part of the wheel 
surface which performs more work than the remamder of the wheel surface and is 
therefore liable to the greatest wear during grinding. When usmg such a wheel the timer is 
preferably reset at a pomt durmg the grinding process, just m advance of when the annular 
ridge is to come into contact with the workpiece. 

TypicaUy the force value signals vary in magnitude durmg grinding, and preferably 
therefore it is the peak value of the normal grinding force signal value which is measured 
and compared with a predetermined value, and the warning signal is generated if the 
measured peak force value signal exceeds a predetermined value. 

Typically the peak force signal value obtained during the gruiding of at least one of a 
succession of similar components is stored and is employed as a predetermined value with 
which subsequent peak force signal values obtained from grmdmg each of a succession of 
similar components, is compared. 

Preferably a warning signal is only generated if the peak force signal value for a current 
grind differs from a stored peak force signal value by more than a predetermined 
difference. 

If generated, a warning signal may be employed to mstigate a withdrawal of the wheel 
from grindkig engagement with the workpiece. 
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In a preferred arrangement data logging of force is triggered X seconds after the start of 
grinding each workpiece, and disabled Y seconds after the start of grinding, where Y is _ 
greater than X. 

The invention also provides a method of monitoring grinding wheel wear, in which the 
instantaneous power demand of a linear motor drive which advances and mamtains a 
grinding wheel in grinding contact with a worlq)iece is monitored during the same part of a 
grmding process performed on each of a succession of similar workpieces, and a warning 
signal is generated immediately the power demand exceeds a predetermined value. 

The warning signal may be enq)loyed to sound an alarm to alert a machine operator that a 
wheel change is required, and/or may be employed to disengage the wheel from the 
workpiece to prevent further wear occurring, and/or may instigate wheel withdrawal. 

Automated wheel replacement may follow by which the worn wheel is automatically 
demounted from its driving spindle and withdrawn from service, and is replaced with a 
fresh wheel ready to take over the grinding from the worn wheel. 

The method of the invention is of particular use m monitoring the wear of Electroplated 
CBN grinding wheels, particularly such wheels which are formed with an annular groove 
or an annular radial protrusion, the proffle of which will grind a complementary profile in 
the surface of a worlqpiece. 

The invention will now be described by way of example with reference to the 
accompanying drawings, in which: 

Figure 1 is a graph showing the normal force acting on one of two grinding wheels for an 
entire grind cycle; 



Figure 2 is an enlargement of the left hand end of the graph of Figure 1; 
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Figure 3 is a graph showing the mne peak forces generated by a sidewaU grind; 

Figure 4 shows the increase in normal force on the sidewaU grind during the last 7 shafts 
ground using the left hand wheel of a pair both designed to provide undercuts in a 
crankpin; 

Figure 5A and Figure 5B respectively show part of the left hand wheel and part of the 
right hand wheel of a pair of Electroplate CBN grinding wheels, each having a radial 
protrusion for grinding an undercut; 

Fig 6 shows a flat faced grinding wheel grinding a workpiece. 

Fig 7 is a flow diagram of a monitoring system embodying the invention, 

Fig 8 is a side view of a wheel engaging a workpiece and shows a linear motor drive for 
controlling the movement of the wheel, and 

Fig 9 is a diagram showing the criteria employed by the computer algorithm. 

The graphs in Figures 1 to 4 were obtamed from measuring ihe normal force during the 
grinding of a crankshaft crankpin using Electroplated CBN wheels such as shown in Figure 
5. The two wheels were used in succession with each wheel performing half of each 
plunge. The undercut portion of both wheels performed far more work than the remamder 
of the wheel and therefore in this situation it is important to monitor the grind in a period 
where only the undercut portion of the wheel is cutting. The normal force was monitored 
for the whole of each grind but data was only extracted durmg the first plunge of each 
wheel as diis was grinding long sidewalk. 
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The graph in Figure 1 shows the left hand wheel's normal force for the entire grind cycle. 

The four plunges for the pins are marked due to the cycling effect of the motor force 

required when grinding a pin. The rapid advances and retracts, m between plunges, can 
be seen as the large peaks on the normal force plot. The section of the plot that is of most 
interest can be clearly observed at the start of the grind and is circled in Figure 1 . 

The magnified view of the circled section in Figure 1 is shovm in Figure 2. 

The same data was acquired for the right hand wheel over the full grind cycle. 

In Figure 2 it will be seen that the sidewall grind, m this case, consists of 11 force cycles 
foUowed by the large force required to grind the diameter. This data was taken for every 
shaft over nearly 1,000 shafts at the end of which the CBN material on the left hand 
wheel's undercut had become stripped completely to the hub. Graphs were compiled using 
the values of peak force from the cycles that make up the sidewall grind. The first two 
force cycles were ignored as they were often very small or non-existent due to the variable 
sidewall stock. The graph in Figure 3 shows the 9 peak forces generated by the sidewall 
grind. 

It will be seen that the peak forces for the sidewall grmd remain relatively constant over 
the lift of the grinding wheel until just prior to wheel failure where the forces increased 
dramatically. The X-axis of the graph is the crankshaft number and m ihis case sometMng 
m excess of 2,900 crankshafts were ground by the grinding wheels but the plot is only 
fi-om wheel 1950 through to 2,913 which was when the wheel failed. It will be seen that a 
huge peak in grinding force occurred just after 2,900 shafts had been ground when the 
peak normal force which had previously been of the order of 500 Newtons rose to in 
excess of 3,000 Newtons. 
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The graph of Figure 4 shows the increase in the normal force on the sidewaU grind, during 
the last 7 shafts ground, i.e. from 2,006 to 2,013 when wheel faUure occurred. From 
Figure 4 it will be seen that the sidewall grind forces increased dramatically over the last 5 
shafts ground. If a sidewall force limit of 1,000 Newtons had been set, then a wammg 
signal would be displayed or sounded at shaft 2,911 which would have been two shafts 
prior to complete wheel feilure. The amount of Electroplating left on the hub at that stage 
is probably just sufficient to allow the wheel to be replated and yet to obtain maxunum life 
from the wheel. 

Since spurious force peaks can occur during grinding, it is important to monitor the peak 
normal force during the same portion of each grind cycle since any response to a spurious 
peak occurring during another part of the grind cycle wiU cause unwanted stoppages. 

As stated previously the invention is equally appUcable to flat faced grinding wheels such 
as shown in Fig 6. When grmding using a flat faced wheel the edge region of the wheel 
will perform greater amounts of work than the central region of the wheel. The sides of the 
wheel WiU therefore fail before the remainder of the wheel. This type of application would 
therefore still require the windowing approach provided by the invention. 

For most grinding operations there will be a rapid advance and a rapid retract of the 
wheelfeed mechanism. This produces a large force peak that needs to be eliminated from 
the data being monitored. Again this would require the windowing approach. 

Fig 6 shows by way of a flow diagram the monitoring and decision making steps of a 
wheel monitoring system embodymg the invention. The system assumes a formed CBN 
wheel to be grinding a formed region of a crankshaft and a linear motor wheelfeed. 

The monitoring de^ce is brought into play whei the side of the wheel (the sidewaU) that 
performs the most work in use. Therefore the monitoring device is activated once the 
machine starts a sidewall feed for a journal grind. 



wo 2004/060611 



9 



7GB2003/005590 



It is to be noted fliat wear cannot so readily be monitored when pin grinding since in order 
to grind a pin the wheelhead must cycle forward and backwards. The forwards and 
backwards motion masks the grinding force data on the linear motor. At the end of a 
sidewall feed the monitoring is deactivated. 

The signal monitored is the torque/force feedback value, direct from the Imear motor drive 
unit. The values used are a percentage of the maximum linear motor current at standstill. 
This parameter is monitored every 30 mins and compared against a preset limit value. As 
the signal monitored tends to have some noise on it, then the value used to compare against 
the preset limit can be obtained by averagmg the values of for example five total sidewall 
feeds. 

If the preset lunit is exceeded over the sidewall feeds which are to be averaged, then the 
system is adapted to look for a second value that exceeds the preset limit. At this stage the 
device informs the machine control to immediately suspend grindmg and display a message 
regarding imminent wheel failure. 

A new wheel can then be mounted and grinding can continue. 



The removed wheel can be sent for replating. 



The flow diagram of Fig 7 shows the process just described. 

Fig 8 shows a wheel 10 carried on a spindle 12 of a wheel-head 14 itself carried by the 
primary 16 of a linear motor drive, the secondary of which 18 is secured to the machine 
bed 20. Current I to the primary 16 is suppUed from a power supply 22 itself under the 
control of the machine computer 24. Grinding force between wheel 12 and workpiece 26 is 
proportional to the current I and since this value is available to the computer 22 the latter 
can generate an instantaneous numerical value F proportional to I, to yield a succession of 
values of F. Since it is unportant for the value of F to correspond to the same point m each 
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grind, tht computer 24 is programmed to calculate the value of F at a predetermined stage 
during die grinding of each of a succession of similar components. When journal grinding 
crank pins of crankshafts for example, in which the wheel is employed to plxmge grind 
between side walls at opposite ends of a crank pin, the value of F is calculated during the 
plunge grind since as mentioned in relation to Fig 6, that is when wheel wear is most likely 
to first become evident. 

To this end the wmdowing is effective to prevent the value of F from being calculated 
while the flat outer face of the wheel is being used to grind the pin, after the plunge grind 
step, and likewise during the fast advance and retraction of the wheel prior to and after 
grinding engagement. 

Usmg experimental or wheel manufacturers data, the threshold value for F (i.e. Ft) is input 
into the computer 24 and compared witii the force value F and if tihe ihre^old value is 
exceeded a signal is generated by the computer to instigate an audible alarm 28. If desired 
the same signal may be employed to prevent the grinding of any more worlqpieces such as 
26 by inhibiting the electric current to the linear motor 16, 18 after the current grinding 
cycle has been completed and the drive 16, 18 has retracted the wheelhead and disengaged 
the wheel from the workpiece. 

The algorithm performed by the programmed computer 24 is shown in Fig 9. 

hi order to smooth out unexplained peaks the force value compared by the algorithm 
comparison step 30 is a running average computed by summing the latest value of F with 
the previous m values of F and dividing the new value by a (where n= (m+ 1)). 

The threshold value F» is input via a data input device 32 and stored in the computer 
monory at 34 and compared with the running average m 30. 

If Fn/n is greater than Ft the comparison algorithm is satisfied and the logic produces a 
YES signal to generate an Alarm signal 36. 



wo 2004/060611 




VGB2003/005590 



If Fn/n is less than or equal to Ft the criterion is not satisfied and the logic produces a 
Grind signal 28 which enables the next grind to take place. 

The windowing of the monitored value of I (and therefore the updating of tiie value of F) is 
controlled so as only to occur when sidewall grinding is occurring, and to fliis end the 
algorithm includes an input corresponding to when this is occurring at 40, which controls 
the computation of F for I in step 42 and likewise the summing of the values of F to 
produce Fn in 44. The division of Fn by n is performed in 46 to provide the value of Fn/n 
which is to be compared with Ft in 30. 
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CLAIMS 

1. A method of monitoring the wear of a grinding wheel in use, comprising the steps of 
by measuring the force exerted by a wheelfeed drive which in use urges the wheel into 
grinding engagement with a workpiece so as to obtain a signal indicative of the force 
exerted between the wheel and workpiece normal to the grinding face of the wheel at the 
point of contact between the wheel and workpiece, and generating a warning signal when 
title value of the signal exceeds a predetermined threshold value. 

2. A method as claimed in claim 1 wherein the wheelfeed drive includes an electrically 
powered motor, the torque developed by which is proportional to the normal force between 
the wheel and workpiece, and which is in torn proportional to the electrical power drawn 
by the motor during operation, whereby an indication of the force between wheel, and 
workpiece is obtained by measuring the power demand made by the motor on its power 
supply. 

3. A method as claimed m claim 2 wherein the motor is supplied with electric current 
from a power supply which maintains a substantially constant EMF, so that the power 
demand (and therefore the normal force between wheel and workpiece) is proportional to 
the current drawn by the motor from its power supply. 

4. A method as claimed in claim 3 wherein a force proportional signal is obtained by 
measuring the current flow to the motor during grinding. 

5. A method as claimed in any of claims 1 to 4 wherem the value of the force 
proportional signal obtained during a grinding process on a workpiece is compared with a 
corresponding value obtained during the grinding process performed on a preceding similar 
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workpiece, and a warning signal is generated if a current grinding force signal value 
differs from a preceding grinding force signal value by more than a predetermined amount. 

6. A method as clauned in claim 5 wherein a mean value is computed for the force values 
measured during each of a succession of workpiece grinds on similar components and the 
value from the grinding of a current workpiece is compared with the mean value computed 
from a plurality of preceding workpiece grinds on similar components, and the warning 
signal is generated if the current force value differs from the mean force value by more 
than a predetermined amount. 

7. A method as claimed in any of clahns 1 to 5 wherein a timing device is reset at one 
point during each grinding process, and the force measurement is performed for a period 
of time determined by the timing device following the reset point, and the values of these 
force measurement signals (or a mean of these force measurement signal values) is/are 
compared with force measurement signal values from at least a preceding workpiece grind 
on a similar component, (or a mean of the force measurement value signals from a 
plurality of preceding workpiece grinds on similar components). 

8. A method as claimed in claim 7 wherein the period of time is selected to correspond to 
the time during which a part of the grinding wheel which is liable to be subjected to the 
greatest wear during the grinding, is in grinding engagement with the workpiece. 

9. A method as claimed in claim 8 wherein the grinding wheel includes a cylindrical 
sxirface and an annular ridge for grinding an xmdercut in a workpiece, and it is the ridge 
which is the part of the wheel surface which performs more work than the ren^inder of the 
wheel surface and is therefore liable to the greatest wear during grinding, and the timer is 
reset at a point during the grinding process, jxist in advance of when the annular ridge is to 
come into contact with the workpiece. 

10. A method as claimed m any of clahns 1 to 5 wherein the force value signals vary in 
magnitude during grinding, and the peak value of the normal grinding force signal value is 
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measured and compared with a predetermined value, and the warning signal is generated if 
the measured peak force value signal exceeds a predetermined value. 

11. A method as claimed in claim 10 wherein the peak force signal value during the 
grinding of at least one of a succession of similar components is stored and is employed as 
a predetermined value with which a subsequent peak force signal value obtained from 
grinding another of the succession of similar components, is compared. 

12. A method as claimed in claim 10 or 11 in which the warning signal is only generated 
if the peak force signal value for a current grind differs from a stored peak force signal 
value by more than a predetermined difference. 

13. A method as claimed in any of claims 1 to 12 wherein the warning signal is employed 
to instigate a withdrawal of the wheel from grinding engagement with the workpiece. 

14. A method as claimed in any of claims 1 to 13 wherein data logging of force is . triggered 
X seconds after the start of grinding each workpiece, and disabled Y seconds after the start 
of grinding, where Y is greater than X. 

15. A method of monitoring grindmg wheel wear, in which the instantaneous power 
demand of a linear motor drive which advances and maintains a grinduig wheel in grinding 
contact with a workpiece is monitored during the same part of a grinding process 
performed on each of a succession of similar workpieces, and a warning signal is 
generated immediately the power demand exceeds a predetermined value. 

16. A method as claimed in any of claims 1 to 15 wherem the warning signal is employed 
to sound an alarm to alert a machine operator that a wheel change is required, and/or is 
employed to disengage the wheel from the workpiece to prevent further wear occurring, 
and/or instigates wheel withdrawal. 
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17. A method as claimed in any of claims 1 to 15 wherein the warning signal instigates 
automated wheel replacement in which the wheel is automatically withdrawn from grinding 
engagement, automatically demounted from its driving spindle and withdrawn from 
service, and automaticaUy replaced with a fresh wheel ready to take over the grinding from 
the worn wheel. 

18. A method as claimed in any of claims 1 to 17 when used to monitor the wear of 
Electroplated CBN grinding wheels. 

19. A method as claimed in claun 18 wherem the wheels are formed with an annular 
groove or an annular radial protrusion, the proffle of which will grind a complementary 
profile in the surface of a workpiece. 
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